). This phosphatase in turn division in the budding yeast S. cerevisiae is inherently promotes exit from mitosis by reversing phosphorylation asymmetric: the mother cell polarizes to form a bud on cyclin-dependent kinase (CDK) substrates. that then separates to become the daughter cell. Many
mosome segregation has been initiated is Tem1 in the is not seen in the bud cytoplasm. During exit from mitosis, Lte1 asymmetry was lost, and the protein became same compartment as Lte1 [21, 22] . Second, restricting Lte1 to the bud may also ensure that sufficient concenuniformly distributed throughout the mother cell and bud ( Figure 1Bf ). trations of Lte1 are present to activate Tem1 once the nucleus enters the bud. Cells lacking the actin motor The fact that Lte1 was not only cortical in medium and large budded cells but also present in the bud cytoplasm MYO2 fail to form a bud, and the mother cell grows unusually large [25, 26] . In such cells, Lte1 is present was particularly evident when Lte1 localization was compared to the localization pattern of the integral throughout the cell, but release of Cdc14 from the nucleolus is delayed. The delay in Cdc14 release is, to a large membrane protein Ist2 ( Figure 1C ; [20] ). Whereas no cytoplasmic fluorescence was observed in cells exextent, abolished by overexpression of LTE1 [21] .
In this study, we have begun to determine the mechapressing an IST2-GFP fusion, significant amounts of fluorescence in the cytoplasm were detected in cells exnisms that control the localization of Lte1 at the bud cortex. We show that anchorage of Lte1 in the bud pressing LTE1-GFP. Our findings suggest that Lte1 associates with the bud cortex in cells with small buds. depends on a functional septin ring, Cdc42, Cla4, and Kel1. Kel1 physically interacts with Lte1, suggesting that
In cells with medium and large buds, Lte1 appears to be released from cortical anchors in the bud, which Kel1 is a component of the machinery anchoring Lte1 at the bud cortex. The protein kinase Cla4 is required leads to the uniform distribution of the protein during late stages of telophase. for Lte1 phosphorylation and, when overexpressed during G1, is sufficient to cause Lte1 phosphorylation and localization to cortical regions, indicating that Cla4 regu- LAT-A caused a minor delay in the bud-specific accumuThis staining pattern indicated that it was not an artifact lation of Lte1 ( Figures 1E and S1 ), indicating that accuof a particular epitope tag or fixation procedure. This mulation of Lte1 in the bud is largely independent of a result suggests that Lte1 associates with large strucfunctional actin cytoskeleton. tures, whose identity remains to be determined.
Bud-Specific Accumulation of Lte1 Is Largely
To examine Lte1 localization during the cell cycle, we determined the localization of a defined pool of Lte1-
Anchorage of Lte1 in the Bud Depends on Septins
To determine how Lte1 is anchored in the bud, we ana-GFP. Cells expressing an LTE1-GFP fusion from the galactose-inducible/glucose-repressible GAL1-10 prolyzed Lte1 localization under conditions in which structures important for establishing asymmetry, namely, the moter as the sole source of LTE1 were arrested in G1 with ␣-factor pheromone. Subsequently, cells were reactin or microtubule cytoskeletons, or the septin ring, were disrupted. We found that neither LAT-A treatment leased into the cell cycle under conditions in which Lte1 transcription was repressed. In G1 cells, Lte1 was localnor nocodazole treatment caused loss of Lte1 from the bud in HU-arrested cells, in which Lte1 is already localized throughout the cytoplasm of cells (Figure 1Ba ). In small budded cells, Lte1 was localized primarily at the ized in the bud (Figures 2A and 2B ). These results indicated that neither the actin nor the microtubule cytoskelbud cortex (Figures 1Bb and 1Bc ). In cells with medium and large buds, which are bud sizes observed when eton was required for anchorage of Lte1 at the bud cortex. cells are in late S phase and mitosis, Lte1 staining was also evident in the cytoplasm and was enriched in the Maintenance of Lte1 in the bud, however, required a functional septin ring. In temperature-sensitive cdc12-6 bud cytoplasm (Figures 1Bd and 1Be) . This cytoplasmic localization of Lte1 is not likely to be an artifact of satumutants, the septin ring is disrupted within 15 min of a temperature shift to 37ЊC [19] . The bud-specific localizarating anchors at the bud cortex due to GAL1-10 promoter expression of Lte1, as in small budded cells, Lte1 tion of Lte1 was also lost in cdc12-6 mutants within 15 [31], did not exhibit defects in Lte1 localization ( Figure  KEL1 is required for cell fusion and wild-type cell mor-4C). We conclude that Kel1 is found in a complex with phology and localizes to the tip of the mating projection, Lte1 and is required for Lte1 localization to the bud. to the presumptive bud site in G1 cells, and to the bud cortex during bud growth [31] .
To to 37ЊC, the restrictive temperature of the cdc42-17 mu- tant. Figure 4A shows that localization of Lte1 at the the only copy of CLA4 present in the cell, and thus no localization or phosphorylation of Lte1 is observed prior bud cortex was already compromised at the permissive temperature and was lost even further upon temperature to galactose addition). Association of Lte1 with the shmoo tip, but not Lte1 phosphorylation caused by overshift. Gladfelter et al. [32] have previously shown that the cdc42-17 allele does not affect the septin ring strucexpressed CLA4, was significantly reduced when KEL1 was deleted (Figure 5 ), indicating that localization of ture in this type of experiment, suggesting that CDC42 does not regulate Lte1 localization solely through its Lte1 induced by CLA4 required KEL1. role in establishing a stable septin ring. Interestingly, inactivation of CDC42 also led to the disappearance Lte1 Is Dephosphorylated and Delocalized of phosphorylated Lte1 ( Figure 4B ). This decrease of from the Bud during Exit from Mitosis phosphorylated Lte1 is not a consequence of loss of Having identified some of the proteins that are required Lte1 from the bud, as Lte1 remains phosphorylated in for Lte1 phosphorylation and localization to the bud cdc12-6 mutants, despite the protein being delocalized cortex, we next asked how Lte1 phosphorylation and (Figures 2C and 2D) . The reason why Lte1 protein levels localization are lost during exit from mitosis. We first also decline at 37ЊC in the HU arrest is at present unclear established the exact time during mitosis when Lte1 but may be due to enhanced protein turnover at this phosphorylation and localization from the bud were lost. temperature. Lte1 was also not phosphorylated in Cells were arrested in late anaphase by using a cdc15-2 cdc42-17 cells progressing through the cell cycle in a mutation [36] . Upon release from the cdc15-2 block, synchronous manner ( Figures 4E and 4F 
CDC14 is required for activation of a yet to be identified little if any role in creating Lte1 asymmetry. What mechanisms could be responsible for accumulation of Lte1 in protein phosphatase that dephosphorylates Lte1.
the bud? Selective degradation of Lte1 in the mother cell is not likely to be responsible. In cdc12-6 or kel1⌬ The Roles of KEL1 and CLA4 in Exit from Mitosis mutants, where Lte1 is no longer concentrated in the The observation that KEL1 and CLA4 regulate the localbud, the protein is found to be evenly distributed beization of Lte1 prompted us to investigate the consetween mother cell and bud. Perhaps a diffusion-capture quence of inactivating these genes on exit from mitosis mechanism, whereby Lte1 diffuses throughout the cytoat low temperatures (14ЊC). Cdc14 release from the nuplasm and is captured by anchors in the bud, promotes cleolus and mitotic spindle disassembly were to some Lte1 localization. extent impaired in kel1⌬ cells progressing through the cell cycle at 14ЊC (Figure 7A ). This finding indicates that either a critical concentration of Lte1 in the bud was Anchorage of Lte1 in the Bud necessary for efficient exit from mitosis or that KEL1
The septins, which function as a diffusion barrier at the was also required for the function of Lte1 or other MEN bud neck [19, 20] , are required to maintain Lte1 in the components.
bud. However, it is not likely that septins themselves Inactivation of CLA4 had a much more dramatic effect anchor Lte1 therein, as septins localize solely to the on cell cycle progression than deletion of KEL1. At 14ЊC, mother-bud neck. Could Kel1 be an Lte1 anchor in the cla4⌬ cells were severely delayed in release of Cdc14 bud? We believe so. Kel1 can be coimmunoprecipitated from the nucleolus and mitotic spindle disassembly ( as this mutant does not arrest in telophase at 14ЊC, as Bud-specific accumulation of Lte1 is also important to lte1⌬ cells do. However, Cdc14 release from the nucleoconcentrate the protein therein to ensure efficient actilus and exit from mitosis were delayed in the mutant, vation of Tem1 [21] . Here, we investigate how Lte1 localraising the possibility that either LTE1 is not fully funcization is regulated. We show that Lte1 anchorage at tional or that KEL1 regulates some other aspect of mithe bud cortex depends on septins, CDC42, CLA4, and totic exit. KEL1. We further show that CLA4 is required for Lte1 phosphorylation and that the phosphorylation status of Lte1 affects its ability to localize to regions of polarized Cdc42 and Cla4 Regulate Lte1 Phosphorylation growth. The protein phosphatase Cdc14 appears to anand Localization tagonize Lte1 phosphorylation and its association with
The experimental conditions chosen to determine the bud cortex, suggesting that CDC14 controls the spa-CDC42's role in Lte1 localization did not affect septin tial asymmetry of Lte1 localization. Finally, we show structure [32] , indicating that CDC42 is directly regulatthat Kel1 and Cla4, likely through the regulation of Lte1, ing Lte1 anchorage at the bud cortex. The finding that control exit from mitosis.
Lte1 is not localized in cells lacking CLA4, however, could be explained by CLA4's role in septin ring formation, which, in turn, is required for confining Lte1 to the Initial Capture of Lte1 at the Bud Cortex Lte1 accumulation in the bud was largely unaffected bud [35] . The observation that overexpression of CLA4 is sufficient to target Lte1 to the shmoo tip in ␣-factorwhen actin filaments were disrupted by LAT-A treatment. This finding indicates that active transport plays arrested cells where Lte1 is normally diffuse suggests otherwise. It is possible that ectopic overexpression of CLA4 is involved in anchoring Lte1 at the cortex independently of the septins and that CDC42 exerts its func-CLA4 enables the septin ring to behave as a diffusion barrier around the shmoo tip. We favor the idea that tion in Lte1 localization through CLA4. Furthermore, overexpression of CLA4 in stages of the keep its kinase activity low during G1. Alternatively, other protein kinases could contribute to Lte1 phosphorcell cycle at which its kinase activity is normally low is sufficient to induce Lte1 phosphorylation and localizaylation. Lte1 phosphorylation has been shown to be decreased in mutants defective for the polo kinase tion. We, therefore, believe that it is Cla4's catalytic activity rather than the presence of the protein per se CDC5 [28] . As Lte1 phosphorylation is higher in states of high Clb-CDK activity, Clb-CDKs could also contribthat is important for Lte1 anchorage in the bud. It is of course also possible that Cla4 acts both as an anchor ute to Lte1 phosphorylation. Cells lacking CLA4 were severely delayed in teloand a regulator of Lte1 localization. Once the kinase function of Cla4 is activated, Cla4 could phosphorylate phase, indicating that CLA4 was required for exit from mitosis at low temperatures. The defect in exit from Lte1 as well as tether it at the bud cortex.
Several lines of evidence suggest that CLA4 is not mitosis in the cla4⌬ mutant is not solely due to Lte1 being mislocalized. In kel1⌬ cells, where Lte1 is delocalized, only required for Lte1 localization at the bud cortex but is also required for Lte1 phosphorylation. First, mirroring Cdc14 release from the nucleolus and exit from mitosis are modestly delayed compared to cla4⌬ cells. This Lte1 phosphorylation, Cla4 kinase activity is low during G1 and the early stages of S phase, accumulates as indicates that CLA4 has roles in exit from mitosis other than anchoring Lte1 in the bud. CLA4 could regulate cells complete S phase, is high during mitosis, and declines as cells exit from mitosis ([13, 21, 28]; Figure 6B) .
proteins other than Lte1 during exit from mitosis. Alter- natively, CLA4 could not only regulate Lte1 localization quences of mutating the phosphorylated residues in Lte1 to amino acids that can no longer be phosphoryand phosphorylation, but also exchange activity. lated and to then examine the effects of these mutations on Lte1 localization. This analysis is complicated by the A Correlation between Lte1 Phosphorylation fact that Lte1 is a very large protein (170 kDa), and we and Localization were thus far unable to eliminate all phosphorylated We find that, when Lte1 is phosphorylated, it localizes residues in Lte1 (A.S., unpublished data). to the bud, and when it is dephosphorylated, it is present uniformly throughout the cell. When Lte1 dephosphorylation is induced by overexpressing CDC14, the bud-
A Model for the Regulation of Lte1 Localization
We would like to propose a model in which Lte1 localizaspecific localization of the protein is lost. Conversely, when CLA4 is overexpressed in ␣-factor-arrested cells, tion is regulated by at least two determinants: proteins that anchor Lte1 at the bud cortex and phosphorylation Lte1 becomes partially phosphorylated and localized to the shmoo tip. One possibility is that phosphorylation/ of Lte1 itself. Anchorage of Lte1 at the bud cortex requires septins, Kel1, and phosphorylation of Lte1 medidephosphorylation induces changes in the structures responsible for anchoring Lte1 in the bud. However, ated by the kinase Cla4. Once in the bud, Lte1 appears to be maintained in a strictly cortical manner during the overexpression of CDC14 in HU-arrested cells did not lead to a general loss in bud-specific protein accumulaearly stages of the cell cycle but becomes increasingly cytoplasmic during the later cell cycle stages. It appears tion, as She3 localization was not perturbed by high levels of Cdc14. Another possibility that we were able that the protein is being "released" from its cortical anchors. We propose that Cdc14 induces dephosphorylato exclude was that loss of Lte1 from the bud causes dephosphorylation of the protein, as Lte1 was not detion of Lte1, which triggers the release of Lte1 from cortical anchors in the bud. Dephosphorylated cytophosphorylated in cdc12-6 or kel1⌬ cells, where Lte1 localization is lost. Based on these observations, we plasmic Lte1, which is not restricted by the cortical septin barrier, then diffuses throughout mother and daughfavor the idea that the phosphorylation status of Lte1 itself determines the protein's localization. The key test ter cell cytoplasm, leading to equal distribution of Lte1 prior to cytokinesis. of this hypothesis would be to examine the conse- cated in creating asymmetry. In Drosophila melanogaster, the neural progenitor determinant Inscuteable
